Several studies have recently been dedicated towards understanding failure mechanisms in shape memory alloys. Many of these investigations indicate that triaxial stress and stress-concentration affect the fracture behavior of these materials. However, few have made an attempt to characterize the effect of these features on the superelastic behavior of shape memory alloy specimens. In this work, notched round-bar NiTi-specimens have been subjected to a simple set of experimental tests and an extensive numerical investigation. Both the cases of tensile loading and one-cycle loading have been studied. A superelastic-plastic constitutive model is used in this work. The main results show that notches can have a negative effect on the superelastic behavior in NiTi, and that this is related to the development of plastic strains in the material. It was expected that introducing notches would induce residual strain at an early stage. However, for strains up to ∼4%, i.e. just exceeding the transformation length, only the smallest notch investigated herein developed residual strain. By employing the onset of plastic deformation as a criterion for superelastic deterioration, a design window was established to determine the deformation level at which notches become detrimental to superelastic recovery.
Introduction
There has been an increased focus on failure of shape memory alloys in the literature in the last couple of years. Shape memory alloys are being increasingly used in engineering applications, particularly in the medical industry [1] . While the early works regarding shape memory alloys were focused on understanding and describing the behavior of these materials, a need has now emerged to understand why and how they fail [2] .
In a commonly used shape memory alloy like NiTi, the shape memory behavior is strongly influenced by the presence of Ti 3 Ni 4 -precipitates [3] . In a study, Gall et al investigated how Ti 3 Ni 4 -precipitates affect the fracture behavior in single crystal and polycrystalline Ti-50.8%Ni [4] . They found that grain orientation is an important factor for the fracture behavior; when loaded 90
• from the cleavage plane the cleavage fracture becomes dominant, while for the other cases a mixture of ductile and cleavage mechanisms are present. The degree of cleavage behavior is strongly influenced by the size of the Ti 3 Ni 4 -precipitates, semi-coherent precipitates promoting cleavage and incoherent precipitates promoting combined mechanisms. The effect of grain orientation on the fracture mechanisms also become evident when investigating polycrystalline NiTi. The fracture process is dominated by ductile fracture through void growth and coalescence with some cleavage facets in single grains oriented favorably for cleavage fracture. The grain orientation mismatch in polycrystalline NiTi causes constraints at the grain boundaries, which lead to a build-up of local triaxial stresses [4] . Another study, conducted by Chen et al, showed that a triaxial stress state promotes micro-cracks when put in a junction with precipitates and grain boundary mismatches [5] .
When investigating fatigue-crack growth behavior in stable austenitic, superelastic austenitic and martensitic NiTi, McKelvey and Ritchie found that there is little difference in toughness between stable austenite and pseudoelastic austenite [6] . Through an investigation of a notched roundbar specimen they argue that the transformation is suppressed ahead of the notch. They state that the cause of this is a competition between the negative dilatation during austenite-martensite transformation and the tensile hydrostatic stresses. Later studies have, however, showed that phase transformation does occur ahead of a crack-tip. By employing in situ synchrotron x-ray diffraction on a CT-specimen, transformation has been found ahead of a crack-tip both in a plane stress specimen [7, 8] and a plane strain specimen [9] .
Several authors have presented work in the literature regarding numerical investigations of shape memory alloy fracture behavior [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . It is evident from the results found in the literature that the fracture toughness is enhanced by martensite transformation. Martensite transformation ahead of a crack and elastic mismatch between the austenite and martensite phase reduce the crack-tip stress intensity [10, 11] . When investigating a propagating crack through cohesive zone modeling, Freed et al found that the crack-tip stress intensity was reduced due to reverse transformation in the crack-wake [19, 20] .
The work that exists in the literature is mainly focused on fracture mechanisms and the effect of phase transformation on fracture toughness in shape memory alloys. Stress triaxiality is often mentioned as a contributor to the fracture processes. However, no one has conducted an in-depth study on the effect of stress triaxiality on phase transformation behavior. This study aims to investigate how notches, and indirectly triaxiality, affect the behavior of superelastic materials.
Constitutive modeling of superelastic-plastic behavior
Since the discovery of Nitinol in 1959 [21] , a myriad of attempts have been made to describe the particular behavior of shape memory alloys. The efforts range from onedimensional constitutive models describing superelasticity and the shape memory effect [22] [23] [24] , through micro-mechanical models [25, 26] , to phenomenological three-dimensional models [27] [28] [29] .
Recently, due to the need to understand failure mechanisms in shape memory alloys, constitutive models including both superelasticity and plasticity have been emerging. However, only few works considering superelastic-plastic behavior have been presented in the literature [13, [30] [31] [32] . In this work, an approach based on the framework developed by Auricchio and co-workers [33, 27, 28] has been used. The constitutive model is developed and implemented in the commercial finite element software Abaqus at SIMULIA/West by Rebelo et al. It is an extension of Auricchio's model that accounts for plastic deformations [34] . A similar approach has been used by Yan et al [13] , and their notation has been adopted in the outline of the constitutive model given herein 3 . In their original papers, Auricchio et al simplified the modeling approach by assuming material isotropy and singlevariant martensite transformation. It is generally accepted that martensite transformation can lead to development of up to 24 3 The approach presented in [13] differs from the approach used in [34] by the kinetic equations used to govern the development of the martensite volume fraction during transformation and the approach used to describe plastic deformation. Also, Yan et al capture, in their version, the effect of martensite locking due to plastic deformation. different martensite variants. In this case only one variant is considered, leaving two phases, austenite and martensite [28] . The austenite and martensite volume fractions, denoted ξ A and ξ M respectively, are assumed to satisfy the following equation:
Thus ξ A can be represented through
allowing the use of ξ M as the only internal variable. In the following the subscript M will be dropped, and ξ will represent the martensite volume fraction. The governing constitutive relation can, in rate form, be represented byσ
whereσ is the stress rate tensor, C is the fourth-order isotropic elasticity tensor andε is the total strain rate tensor. Further, an additive strain rate decomposition is used:
withε el ,ε tr andε pl being the elastic, transformation and plastic strain rate tensor, respectively. Some shape memory alloys are known to behave asymmetrically in tension and compression; i.e. the critical stress for initiating transformation in tension differs from the critical stress at which transformation is initiated in compression [35] . To handle this asymmetry, Auricchio et al incorporated the effect of hydrostatic stress in the model, and the transformation behavior is described by a Drucker-Prager type transformation function both for forward and reverse transformation, i.e.
for forward transformation, and
for reverse transformation. In equations (5a) and (5b),
σ : σ is the von Mises equivalent stress, with σ representing the deviatoric stress tensor, σ h = 1 3 tr(σ ) is the hydrostatic stress, α is a material parameter governing the tension-compression asymmetry, and σ Y,for and σ Y,rev are the critical stress for forward and reverse transformation, respectively.
During phase transformation, the condition f for (σ , ξ) = f rev (σ , ξ) = 0 must be satisfied. By assuming associated flow, we can get the transformation strain rate which iṡ
for forward transformation, anḋ
for reverse transformation, here β is a material constant governing the speed of transformation [28] . It is noted that it is possible to assume non-associated flow if control of the volumetric strain during transformation is needed. The general framework composed by Auricchio et al opens for several approaches regarding the evolution of the martensite volume fraction. The kinetic relation governing the evolution can be writtenξ
where h(σ , ξ) is a function that governs the relation between the martensite volume fraction and the current stress state. f represents the yield functions for both forward and reverse transformation. Auricchio et al evaluated two empirical versions of h(σ , ξ): one assuming an exponential evolution of the martensite fraction, and one assuming a linear evolution [28] . It is also possible to use the consistency condition to have a more consistent derivation of the martensite fraction evolution. Like the approach presented in the work of Yan et al [13] . Rebelo and co-workers developed a martensite evolution law which allows the transformation curve to be mapped to a polynomial, with the argument that such an approach will lead to a more robust numerical solution (SIMULIA/West by Radford [38] ). Due to propriety reasons, no details are published regarding the kinetic relations used in Abaqus 6.9-2. Martensite transformation is a shear driven process. The same is true for plastic deformation of shape memory alloys. Therefore, and in order to maintain the tension-compression asymmetry connected to the martensite transformation, Rebelo et al also chose a linear Drucker-Prager like yield function to describe plastic deformation:
In equation (8) , σ Y (ε pl eq ) is the current yield stress as a function of the equivalent plastic strain, thus assuming isotropic hardening. In the model it is assumed that the Drucker-Prager friction angle is the same as for the transformation surface [34] . Further, non-associated flow is used to ensure isochoric plastic deformation, i.e. ε
and a plastic potential can be expressed as
The flow rule incorporating non-associated flow then gives for the plastic strain rateε
During plastic flow, the Kuhn-Tucker conditions and the consistency condition have to be satisfied, i.e.
the consistency condition thus yields the evolution of the equivalent plastic strain:
where
(a) (b) 
Experimental work
To get an understanding of the general behavior of notched round-bar NiTi-specimens, and to obtain material data for input in the finite element analyses, a series of tensile tests were conducted in a Zwick/Roell Z020 tensile testing machine with a 20 kN load capacity. The strain was measured by image acquisition and processing. A Daheng DH-HV31202UC charged-coupled device (CCD) with a 2048 × 1536 resolution and a MLM-3X-mp lens was used for image acquisition. Images were acquired 1 frame per second using a laptop with acquisition software provided by the CCD supplier. The distance between the camera lens and center of the specimen notch was 100 mm, which is in accordance with supplier guidelines. Also, a back light source mounted 60 mm from the center of the notch was used to ensure good contrast in the images (see figure 1(a) ). The material, a NiTi 49.7 at.% C 0.27 at.% -alloy, was heattreated at 575
• C for 1 h and subsequently air-cooled to ensure superelastic behavior at room temperature. A DSC analysis was conducted to establish the phase transformation temperatures (see table 1), and the austenite finish temperature (A f ) was found to be 14.2
• C. As NiTi is strain rate sensitive, the specimen were loaded at a very slow strain rate to ensure a quasi-static deformation.
In total three specimen configurations were considered in this work. All specimens had a total length of 50 and 5.3 mm diameter. A notch was machined in the center of the specimen. Three different notch-radii (R) were considered in this study: 
Phase transformation temperatures (
14.2 4.9 7.6 −6.4 −36.9 −50.6 R = 1.25, 1.00 and 0.75 mm. The diameter of the minimum cross-section was chosen to be D 0 = 2.00 mm and equal for all specimens. Figure 1 (b) shows an example of an image of a notched specimen acquired with the CCD. Two different cases were studied:
• loading until fracture;
• cyclic loading.
The maximum strain for the case of cyclic loading was determined by the transformation plateau found from fracture test results, and one cycle was conducted to study the superelastic behavior of the notched specimen. All tests were conducted at room temperature (ca. 20
• C) without temperature control 4 . The results from the tensile tests are presented in figure 2. The curves presented are true stress as a function of true strain. Here, true stress and true strain are defined as
where F is the force measured by the tensile testing machine, D 0 and D are, respectively, the initial and current diameter in the minimum cross-section as measured by image processing. From figure 2(a) it can be seen that during transformation, the stress level is somewhat higher for the specimen with the smallest notch (R = 0.75 mm) compared to the specimens with notch-sizes R = 1.00 and 1.25 mm. There is practically no difference between the stress plateaus for the two latter specimens. However, when the specimens start to yield there is a clear trend in the results that smaller notches lead to higher stress levels.
From the figure it can be seen that the fracture strain becomes smaller as the notch-size is reduced, but the fracture strain exhibited a large scatter for the different tests conducted on each specimen configuration (three tests were conducted for each configuration). Consequently no clear conclusion can be made about the fracture strain as a function of notchsize. The scatter might be a consequence of the specimen production process. The specimens were produced by latheturning, and in some of the notches small sharp sub-notches can be observed. This can possibly lead to an increased stressconcentration promoting early fracture.
The one-cycle test results are shown in figure 2(b) . The results show that strain measurement by image processing can capture the superelastic behavior in NiTi. The stressstrain curves exhibit a clear reverse transformation plateau when unloaded, and a complete hysteresis can be seen. One might, when imposing notches, expect some residual strain upon unloading. Actually, when investigating the axial loaddeflection curves such a residual deformation can be observed. However, the true stress-true strain curves show no apparent residual strain. The strain measurements retrieved by image processing contain some noise, making it difficult to assess the residual strain.
From the current results, no clear conclusions can be made on the effect of notches on shape memory alloy behavior. However, the results capture the phase transformation behavior in the material, and serve well as a means to obtain material data for use in numerical simulations.
Modeling procedures and material data

Finite element model
Several notched specimen configurations have been modeled by the finite element method using the commercial solver Abaqus 6.9-2. A user subroutine, UMAT, for superelasticplastic materials is available for Abaqus. The subroutine is based on the constitutive model described in section 2. This user subroutine was used in the simulations.
To be able to verify the simulation results with the experiments, the geometry of the experimental specimen is used in the analyses. However, in order to get a wider understanding of the effect of notches on shape memory alloy behavior, also smaller notches are considered in the numerical simulations. Due to material and geometry symmetry, a quarter of the model has been modeled and an axis-symmetric approach has been chosen to save computational time (see figure 3 ). In figure 3R represents the notch-radius and D 0 is the initial diameter of the minimum cross-section.
Six different notch-sizes have been considered in this work, ranging from R = ∞ to 0.25 mm. To ease comparison between the different configurations, D 0 /R is used to represent the different models (see table 2 ). D 0 is the initial diameter of the minimum cross-section. The model consists of ∼1000 eight-node axis-symmetric elements with reduced integration (named CAX8R in Abaqus). A mesh sensitivity analysis showed that the chosen mesh is sufficient to analyze the given problem.
The simulations are conducted under deformation-control through a prescribed axial deformation at the top of the model. To achieve axis-symmetry, the center of the specimen (left side in figure 3 ) is constrained by boundary conditions from moving in the radial direction. Similarly, the bottom of the model is constrained from moving in the axial direction. Several cases 
Material parameter fitting
The aim of this study is to investigate how notches affect the behavior of round-bar NiTi-specimens. Therefore, the numerical simulations should reflect the behavior of the notched specimens. The material data have been chosen to get the best fit for the notched specimens. Hence, the experimental stress-strain results from the specimen with notch-radius R = 1.00 mm serve as a base for the fitting. Figure 4 shows a comparison of the stress-strain curves attained from simulations and experiments on notches with R = 1.25-0.75 mm. The results show that a reasonable fit is achieved. When comparing with the reference specimen, R = 1.00 mm, it can be observed that increasing the notchsize leads to a slight overestimation of the numerical stress level compared with the experimental results, while decreasing the notch-radius leads to an underestimation of the stress level.
By letting e = |σ sim /σ exp − 1| represent the discrepancy between the simulation and experimental results at a given point on the stress-strain curve, one finds that the maximum values of e are 0.082, 0.007 and 0.034 for the specimens with notch-radii R = 1.25 mm, 1.00 mm and 0.75 mm, respectively. The material parameters used in the finite element simulations are presented in table 3. For a detailed description of the parameters, please refer to SIMULIA online support system [36] . Due to the highly nonlinear nature of this problem, the finite element analysis becomes very sensitive to the material parameters, and convergence is not easily achieved. To circumvent this problem the line search method, which is possible to invoke in Abaqus, was used to stabilize the simulations.
Also, a relaxation of selected convergence criteria was performed to achieve a satisfactory deformation level. The maximum allowed residual force r α n was systematically altered from 1 to 0.01 N while the maximum displacement correction (C α n ) and the initial time average flux (q α n ), i.e. in this case force, were set to 1 and 10 N, respectively. A specimen with a relatively small notch-radius, R = 0.25 mm, was used in the convergence study as this was the most sensitive case. It was found that the optimal value of r α n was, when considering time efficiency and simulation completion, 0.03. Aside from the mentioned convergence control parameters, all other control Figure 5 shows the true stress-true strain curves for six different cases where the notch-size varies from D 0 /R = 0 to 8. The stress level clearly increases with decreasing notch-size. Also, the obvious transformation plateau that can be observed for the smooth specimen becomes less pronounced for the specimens with small notches than for the specimens with large notches. When D 0 /R = 8, there is no transformation plateau, and the global behavior resembles the behavior of a conventional material like steel or aluminum. This effect is detrimental to the superelastic recovery of the specimen, a point that will be revisited in section 5.2 In order to understand why the stress-strain response is so strongly affected by introducing notches, the axial stressdistribution over the cross-section at the notch-root has to be investigated. The stress-strain curve for superelasticplastic NiTi can be divided into four stages: Stage 1-elastic deformation of the austenite phase, Stage 2-stress-induced phase transformation from austenite to martensite, Stage 3-elastic deformation of the martensite phase and Stage 4-plastic deformation of the martensite phase. The stages are shown in a stress-strain curve for a smooth specimen in figure 6(a) . Figure 6 (b) shows the normalized axial stress-distribution over the cross-section at the notch-root for these four stages in a specimen with D 0 /R = 2.67. Since the deformation in a notched specimen is not uniform, the different stages are not as clear as for a smooth specimen. Therefore, the stages presented here are determined by strain levels that are found within the different stages in a smooth specimen. At Stage 1 the highest stress is located at the notch-root, and it decreases monotonically towards the center of the specimen. Further loading, until Stage 2 is reached, leads to a slight stressconcentration. Here, the peak stress indicates the point in the cross-section where the martensite volume fraction ξ = 0, and the monotonic stress decrease from this point is similar to the elastic case. When phase transformation is completed over the entire cross-section, i.e. Stage 3, the response in the specimen is again elastic, and the stress is decreasing monotonically from the notch-root towards the center of the specimen. In Stage 4, after the onset of plastic deformation, there is again a stress-concentration which is directly connected to plastic deformation at the notch-root. In this case, the peak stress indicates the end of the plastic zone in the cross-section. Two general remarks can be made about the stress-distribution over the cross-section at the different stages: firstly, the stress level increases over the entire cross-section, and secondly, the stressgradient increases as the notched NiTi-specimen is loaded.
Results and discussion
Effect of notches on forward transformation
The stress-distribution from all six specimen configurations is compared in figure 7 . Stage 2 (ε = 0.005) and Stage 3 (ε = 0.0438) have been chosen as examples. For the first case, Stage 2, it can be seen that the peak stress increases and that there is an increasing stress-concentration which in turn leads to a higher stress-gradient in the 'elastic' part of the stress-distribution curve, as D 0 /R increases. The previous statement, that the peak stress in this case indicates the point where ξ = 0, can be confirmed by comparing the location of the peak stresses on the cross-section in figure 7(a) , with the point where the martensite volume fraction is zero (shown in figure 8(a) ). The points coincide, and a smaller fraction of the cross-section is influenced by phase transformation as D 0 /R increases. Measured by the normalized distance (ND) from the notch-root, the fraction of the cross-section that is subjected to phase transformation ranges from ND = 0.39 to 0.53 when D 0 /R increases from 1.6 to 8.
In the second case, Stage 3, all specimen configurations except one, namely the configuration where D 0 /R = 8, exhibit a stress-distribution that is typical for an elastic material. The highest axial stress is found at the notch-root for all these cases, and the stress-gradient increases considerably as D 0 /R increases. For the case of D 0 /R = 8, there is a stressconcentration near the notch-root which is related to plastic deformation. Also, the stress-gradient is significantly higher than for the other specimen configurations.
Another interesting point can be seen from figure 8(b): at ε = 0.0438 the specimen with D 0 /R = 8 is the only one not fully transformed over the entire cross-section. From figure 7(b) it can be seen that the stress levels in the centers of all the specimens to a certain degree coincide with each other, and they stay relatively close to the same order of magnitude from ND ≈ 0.5 to 1. This indicates, since the specimen with D 0 /R = 8 has not fully transformed over the entire cross-section, that a certain level of stress triaxiality (T = σ eq /σ h ) may hinder the stress-induced phase transformation from austenite to martensite. The triaxiality in the center of the specimens, at ε = 0.0438, ranges from T = 0.54 to 1.726 when D 0 /R is increased from 1.6 to 8.
The triaxiality distribution over the cross-section is shown in figure 9 for Stage 2 and Stage 3. From the figure it is clear that a sharper notch leads to an increase in the triaxial stress level. By comparing figures 9(a) and (b) it is interesting to note that the triaxiality level decreases when comparing it at ε = 0.005 and ε = 0.0438. This indicates that martensite transformation has a reducing effect on the triaxial stress level.
The results thus far show that the increase in the stress level, when notches are introduced, comes from an increased stress-gradient as the notch-radius is reduced. In the same way as the general stress level is influenced by the presence of notches, the critical stress will also be influenced. It is difficult, based on the stress-strain curves, to determine when transformation starts and ends for the notched specimens. So in order to achieve some understanding of how the onset and termination of the forward transformation is affected by notches, a simple criterion is used: the total strains at which the smooth specimen experiences transformation start (ε = 0.005) and finish (ε = 0.0438) are chosen as references to investigate the effect of the notches. It is noted here that phase transformation is not uniform when a notch is present, so it is not certain that the transformation is exactly starting, or fully completing with this criterion.
From figure 10 it can be seen how the critical stresses for forward transformation increase as D 0 /R increases. The differences in critical stress between D 0 /R = 0 and 8 are 40% and 180% at ε = 0.005 and 0.0438, respectively. By comparing the two curves, it can be observed that there is an increasing difference between the two critical stresses as the notch-radius is reduced. The critical stress at ε = 0.0438 is significantly higher than the critical stress at ε = 0.005 when D 0 /R = 8.
Effect of notches on reverse transformation
A number of one-cycle tests have been analyzed through numerical simulation, and the stress-strain curves are presented in figure 11 . All six specimen configurations were subjected to three deformation levels and subsequently unloaded. All the specimen configurations were subjected to total strains, ε tot , of 0.0438, 0.08 and 0.12. The maximum strains were chosen to investigate how increasing plastic deformation affects the superelastic behavior in conjunction with notches.
From the stress-strain curves it is obvious that decreasing the notch-radius is detrimental to the degree of superelastic recovery when ε tot 0.08. This is particularly true when D 0 /R = 8; as mentioned in section 5.1 this specimen exhibits a stress-strain response similar to conventional materials, e.g. steel and aluminum, meaning that in the loading part of the curve there is no sign of a transformation plateau, and after unloading the specimen shows very little superelastic recovery. From figure 11(a) (D 0 /R = 0) it can be observed that before reverse transformation starts, the unloading section of the stress-strain curve is linear. When notches are introduced, the equivalent section of the stress-strain curves becomes nonlinear-and the shape can be considered to be slightly concave. It is believed that this effect comes from the inhomogeneous stress-field that arises in the notched specimens.
When considering superelastic recovery in shape memory alloys, it is the martensite-austenite transformation that is the driving force, and measure of recovery. As this feature is related to re-arranging the atoms rather than creating dislocations and slip, very little change in stress is needed during transformation. For a smooth specimen this creates a clear plateau on the stress-strain curve during unloading. Figure 11 (a) shows that there is no effect on the length, or shape, of the reverse transformation plateau due to plastic deformation. (It is noted here that the model used in the simulations does not capture the possibility of martensite locking due to plastic deformation, as suggested by McKelvey [6] . Nor does it account for transformation induced plasticity, as suggested by Lagoudas and Entchev [31] .) However, as the notch-radius is decreased, and the degree of plastic deformation is increased, the plateau becomes increasingly more difficult to distinguish. Therefore, it cannot serve as a measure of the superelastic recovery when sharp notches are present under considerable plastic deformation. The only quantity that reveals any information about the degree of superelastic recovery in all specimen configurations is the residual strain.
The normalized residual strain is plotted as function of notch-size in figure 12 . Here, the residual strain is normalized with the total strain, ε tot , for each specimen configuration. Firstly, it is pointed out that the specimens with the five largest notches, D 0 /R = 0-4, exhibit no residual strain upon unloading when exposed to a 4.38% strain, which coincides with the experimental results presented in section 3, while the smallest notch, D 0 /R = 8, produces some residual strain. This indicates that, if used in a configuration that generates stress-concentration, the superelastic recovery is maintainedgiven that the plastic deformation and the degree of stressconcentration are limited. When subjected to considerably large plastic deformation, the residual strain increases with decreasing notch-size. When loaded to ε tot = 0.08, all specimens (with the exception of the smooth specimen) experience a certain degree of residual strain. From figure 12 it can be observed that there is a linear relation between residual strain and notch-size, and that the normalized residual strain ranges from 0 to 0.5, when the notch-size is varied from D 0 /R = 0 to 8. Upon further deformation, ε tot = 0.12, the residual strain increases significantly (now ranging from 0.25, when D 0 /R = 0, to 0.74 when D 0 /R = 8), and the linear relation is maintained. Also, it can be seen that there is a parallel shift of the curve relative to the case of ε tot = 0.08.
The amount of residual strain in a specimen is directly linked to the degree of plastic deformation in the specimen. Figure 13 shows the equivalent plastic strain (not normalized) over the cross-section at the notch-root for the notched specimens, when ε tot = 0.08 ( figure 13(a) ) and ε tot = 0.12 ( figure 13(b) ). The highest plastic strain is found at the notchroot, which can be expected. Also, reducing the notch-radius has a significant effect on the degree of plastic deformation. Given that ε tot = 0.08, the maximum plastic strain increases from ε eq pl = 0.05 to 0.26 for D 0 /R = 1.6 and 8, respectively. Further loading the specimen to ε tot = 0.12 leads to a general increase in the maximum equivalent plastic strain for all specimen configurations (ε eq pl = 0.1-0.38 for D 0 /R = 1.6 and 8). Also, the extent of the plastic deformation, i.e. the portion of the cross-section that experiences plastic deformation, increases: at ε tot = 0.08 approximately 30% of the cross-section is plastically deformed, while at ε tot = 0.12 approximately 40%-65% of the cross-section experiences plastic deformation.
Overall, the results show that notches can be detrimental to the superelastic behavior in NiTi, and that the deterioration of the recovery capability is related to the development of plastic strains in the material. However, this is not the case for all notch configurations in all situations. Usually, when shape memory alloys are employed in a component, the superelastic and shape memory properties are the attractive features. In this work we consider a superelastic shape memory alloy, and when used in an application, it is the material's ability to sustain large deformations and regain its shape after unloading that is key. By letting the onset of plastic deformation in a specimen serve as a criterion for when the specimen is no longer fully superelastic, it is possible to create a design window related to notch-size and plastic deformation. Figure 14 shows the total strain, ε tot , at which plastic deformation has occurred in a specimen, plotted as a function of D 0 /R. As the notchradius is reduced, there is clearly a decrease in the total strain at which the ability to achieve complete recovery is retained. For design purposes, this curve can be used to determine how small a notch-radius can be in a specimen at a certain deformation level, without the specimen losing its superelastic recovery feature. Simplified, this means that if a desired deformation level in combination of a given notch-radius falls above the curve, it is outside the design window. Otherwise it is within, and can be employed.
Conclusions
In this study, the effect of notches on superelastic round-bar NiTi-specimens has been investigated through a simple set of experiments and more elaborate numerical simulations.
It is clear from the experimental results that varying the notch-radius has a significant effect on the plastic behavior of the tested material. The true-stress level generally increases when reducing the notch-size.
Also, the experimental results show that the notch-sizes investigated herein do not significantly affect the superelastic recovery of the material when loaded to ε tot ∼ 0.04. These findings are confirmed by the numerical analyses conducted with the finite element method. From the numerical analyses it is clear that the stressstrain behavior is strongly affected by the introduction of notches: the stress level increases as the notch-radius is reduced, and this effect is attributed to the strong increase in the stress-gradient that arises when the notches become smaller.
Surprisingly, the numerical analyses show that even relatively small notches (i.e. notches with D 0 /R up to 4) exhibit no residual strain when loaded to ε tot = 0.0438, which corresponds to full transformation in a smooth specimen. Only the specimen with the smallest notch-radius investigated in this study (D 0 /R = 8) showed residual strain in this case. This leads to the conclusion that the investigated material can maintain its superelastic properties even if it is subjected to a certain level of stress-concentration, as long as the deformation is within the superelastic range.
It is also evident from the results that if the total deformation is large, thus producing a large amount of plastic deformation, the superelastic recovery increasingly deteriorates as the notch-radius is reduced, i.e. the residual strain increases considerably.
